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Abstract

Modeling and analyzing the thermal energy behavior of industrial hydraulic
systems with useful hydraulic power of 20 kW or higher is a challenging
task due to the system’s inherent complexity and the multitude of interacting
components. Conventional thermal modeling approaches rely heavily on
numerous interdependent parameters and sensor measurements, including
temperature, pressure, and flow rate for each port in hydraulic component.
This reliance often leads to prolonged modeling times, which can exceed
the actual operational time of the hydraulic system by a factor of 2 to 6.5,
resulting in costly and time-intensive analysis. To address these limitations
and meet industrial demands, this study introduces an enhanced thermal
model based on a new temperature parameter, termed the average transient
temperature (Tyys), aimed at significantly reducing the modeling time to be
shorter than the experimental operation time. Furthermore, Physics informed
neural network model is used to determine hydraulic oil specifications during
the modeling implementation as one correlation model.

Keywords: Industrial hydraulic system, thermal energy model, reduction of
modeling time, thermodynamics.
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1 Introduction

Since the 1990s, interest in modeling and analyzing hydraulic system per-
formance has steadily increased. Harris (1990) [1] pioneered a thermody-
namic analysis approach for predicting temperature variations resulting from
individual components or component groups. Subsequently, Sidders et al.
(1996) [2] presented a method for analyzing both the transient and steady-
state thermal hydraulic performance of fluid power systems. They explored
the theoretical basis and modeling techniques for an open circuit consisting
of a hydraulic pump, load valve, heat exchanger, and reservoir.

Zhang, 2011 [3] investigated the thermal behavior of aircraft hydraulic
systems by analyzing heat generation and dissipation, and developing a
detailed formula for temperature variation. Busquets, 2013 [4] developed a
comprehensive mathematical model to predict the thermodynamic behavior
of displacement controlled multi-actuator machines, significantly improving
energy efficiency by eliminating metering losses.

Chenggong and Zongxia (2008) [5] introduced fundamental approaches
for modeling thermal-hydraulic components using lumped parameter math-
ematical sets. They also discussed integration methods for solving cross-
coupled thermal-hydraulic equations in position-controlled thermal-hydraulic
systems. Their thermal-hydraulic simulation showed a minimum elapsed time
of 32.7 seconds for a 5-second experiment, equating to 6.5 times the actual
operational duration. More recent studies by Li et al. (2014) [6], Michel
(2021) [7], and Ketelsen et al. (2021) [8] have developed thermal-hydraulic
models by analyzing heat transfer and applying the lumped-parameter
method to hydraulic components in Electro-Hydrostatic Actuators (EHA).
In Ketelsen et al.’s work, the simulation time was twice the actual operational
duration, with a time step of 2 x 10~* seconds for the simulation.

Kwon et al. (2016) [9] investigated the thermal characteristics of
hydraulic hybrid vehicle (HHV) transmissions through a thermodynamic
analysis. A simulation model combining hydraulic and thermal system mod-
els was developed to analyze the performance of a closed-circuit hydraulic
hybrid transmission. The research presented by Siddiqui et al. (2022) [10]
addressed the critical issue of overheating in an electro-hydraulically oper-
ated machine used in underground mining. They utilized mathematical
models and experimental studies to assess the causes of heat generation and
inefficiencies in the hydraulic components.

Previous research on time-dependent thermal models indicates that accu-
rate modeling and analysis necessitate the consideration of at least three
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primary variables — temperature, pressure, and volume flow rate — at each
port (e.g., inlet, outlet) of hydraulic component. The need for numerous
sensors to validate these parameters adds complexity to the experimental
setup and data acquisition process. Moreover, this dependency on extensive
sensor data significantly prolongs the modeling duration, often extending it
by a factor of 2 to 6.5 times the actual experimental runtime for time steps of
2 x 10~ seconds or smaller, thereby increasing both computational time and
associated resource costs.

In today’s context, where global warming is a pressing concern, any inno-
vation that reduces energy consumption is highly valuable in addressing this
challenge. Within the field of industrial hydraulic systems, one such proposed
approach is to accelerate the modeling and analysis process during the design
phase while accurately capturing the system’s thermal energy behavior over
a defined operational period. This study introduces an improved and rapid
method for transient thermal modeling and analysis, validated through an
industrial case study. Moreover, to the best of our knowledge, no existing
literature offers a direct method for assessing the thermal condition of a
hydraulic system under overheating conditions. Therefore, this critical aspect
is also incorporated into our approach.

2 Industrial Hydraulic System

The experimental work of this study is conducted on an industrial hydraulic
system utilized in an aluminum hot rolling mill for the production of alu-
minum alloy strips. The machine and its hydraulic system were designed and
manufactured by SMS group GmbH. Figure 1 shows a simplified structure
diagram of a hot rolling mill.

The industrial hydraulic system consists of several units as follows:

. Pump Station

. Cooling Unit

. Accumulators Unit

. Hydraulic Gap Control Cylinders Unit
. Positive Bending Cylinders Unit

. Negative Bending Cylinders Unit

. Balancing Cylinders Unit

~N NN R W

Each unit within the hydraulic system is designed for a specific function
and comprises multiple hydraulic components, as illustrated in the following
figures and detailed in Table 1. The pump station and its associated cooling
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Figure 1 Simplified structure diagram of a hot rolling mill.

unit, depicted in Figure 2, incorporate three axial piston variable pumps
capable of operating at a maximum pressure of 292 bar. These pumps provide
hydraulic power to the rolling mill machine’s actuators and the accumulator
unit. The cooling unit regulates the hydraulic oil temperature, maintaining it
within an acceptable range of approximately 42°C to 50°C. It activates when
the oil temperature exceeds 50°C and deactivates once it drops to 42°C.

The accumulator unit uses three hydraulic accumulators to store hydraulic
oil at a pressure of 220 bar. This is critical for maintaining system pressure,
storing and releasing energy, and absorbing pressure spikes.

The load side of the mill machine consists of four main hydraulic cylin-
der subunits: Hydraulic Gap Control (HGC) (Figure 3), positive bending
(Figure 4), negative bending (Figure 5), and balancing (Figure 6). Each of
the first three subunits includes cylinders positioned on both the drive side
(DS) and the operator side (OS) of the mill machine. Hydraulic oil flow
to these cylinder units is precisely regulated by a proportional directional
control valve (DCV). These subunits are equipped with pressure sensors and
servo valve opening signals, which are critical for determining the flow rate.
Additionally, only the HGC cylinders are fitted with displacement sensors.

All these units are situated in a well-ventilated area to ensure unre-
stricted airflow, with the ambient temperature maintained within a range of
approximately 15°C to 35°C. The hydraulic system operates using HLP 68
hydraulic oil.
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Figure 3 Simplified hydraulic schematic of the HGC cylinders unit.

3 Thermal Energy Modeling and Analysis Approach

Industrial hydraulic systems involve three key energy processes, as shown
in Figure 7. First is the energy storage process, which typically occurs
in hydraulic accumulators. Second is the energy loss process, happening
throughout the system in components such as pumps, motors, cylinders,
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Figure 4 Simplified hydraulic schematic of the positive bending cylinders unit.
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Figure 5 Simplified hydraulic schematic of the negative bending cylinders unit.

fittings, and valves. Third is the heat dissipation process, primarily taking
place in the reservoir and cooling heat exchanger. These processes are inter-
connected and occur simultaneously, with the total energy of a hydraulic
system being the sum of these three types of energy across all hydraulic
components
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Figure 6 Simplified hydraulic schematic of the balancing cylinders unit.

Table 1 Components and measurement devices

No. Designation No. Designation

1 Reservoir (2000 L — 3000 L) 15 Heat Exchanger (Cooler)

2 Butterfly valve with limit switch console 16~ Source of Cooled Water

3 Pump (P 110 kW, 290 bar, 1500 RPM) 17 4/3-way Servo valve / Moog D661

4 Pressure relief valve (315 bar) 18  Valve opening signals

5 Hydraulic oil filter 19 4/2-way solenoid valve / Rexroth WEH
6 Free-floating check valve 20 Position Sensor

7 Spring loaded check valve 21 HGC Cylinder

8 Flow rate sensor 22 Safety and shut-off block

9 Temperature sensor 23 Bladder storage 10 dm3

10 Oil level sensor 24 hydraulic cylinders of lower work roll
11 Pressure sensor 25  hydraulic cylinders of upper work roll
12 Flow rate sensor (temporary) 26 4/3-way Servo valve / Moog D662

13 Pump (P 7.5 kW, 10 bar, 1500 RPM) 27 Balancing cylinders

14 Pressure relief valve (12 bar)

In complex industrial hydraulic systems with multiple pumps, motors,
cylinders, and other components, the local transient oil temperature 7; can
vary by several degrees Celsius across different units. However, in most
cases, precise knowledge of the transient oil temperature in each individual
component is not essential for understanding the system’s overall thermal
dynamics.
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Figure 7 Coupled thermal processes in a hydraulic system [11].

In this study, the hydraulic system is assumed as a lumped-component
system with a singular transient oil temperature. Consequently, all compo-
nents or units within the industrial hydraulic system share the same transient
temperature which is introduced as a new parameter, the average transient
temperature 7,4

This assumption simplifies the calculation of enthalpy and accelerates
the modeling process without compromising the overall understanding of
the hydraulic system’s thermal behavior. Consequently, the average tran-
sient temperature approach effectively captures the internal energy dynamics
within the hydraulic system, serving as a reliable indicator of its thermal state.
In this context, the average temperature Ty, , consistently falls between the
two extreme oil temperatures, 1,4, and T}, Within the entire hydraulic
system.

The net energy within hydraulic components is determined by summing
the energy changes occurring within their control volumes, accounting for
variations due to work or heat transfer. Inside the control volume of hydraulic
components, energy can exist in various forms, including kinetic energy,
potential energy, and internal thermal energy. When kinetic and potential
energy contributions are neglected, the energy balance can be described
exclusively in terms of thermal energy, as expressed by Eq. (1) [12].

n

Msys Cp Tavg = Z Me.i Cpi Ty (D
=1
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Notably, the total hydraulic oil mass within the system m, gy is the sum of
the oil masses contained in each hydraulic component m.. Since the thermo-
dynamic properties, such as specific heat capacity c,, remain approximately
uniform throughout the system, Equation (1) can be simplified to determine
the average transient temperature of the hydraulic oil within the system, as
shown in Equation (2):

n

Ta'ug =
Msys

2)

Each individual component, with its local temperature, contributes to the
overall average transient temperature of the system. The thermal contribution,
or thermal share Sipe-m, Of each local oil temperature to the entire hydraulic
system is represented by Equation (3). It is defined as the ratio of the oil
mass in a specific component to the total oil mass in the system, reflecting the
weighting of each local temperature:

me

3

Stherm =
sYs
This derivation serves as the foundation for introducing the new parame-
ter, T},,,4. Therefore, it is essential to formulate the comprehensive differential
equation for 75,4, employing lumped parameter assumptions to represent
the system’s thermal behavior. Figure 8 illustrates the block diagram of the
thermal energy model, incorporating the average transient temperature.

3.1 Derivation of the Governing Equations

In formulating the governing equations for the current thermal model, it is
essential to apply the conservation laws for both mass and energy. Based on
the continuity equation for one-dimensional flow, the change in mass flow
rate is represented by Equation (4), where the outlet mass flow rate is equal
to the combined flow rates from the delivery and drain ports.

dm
dt
The mass of the liquid within the control volume of hydraulic component

is given by m = p V. Differentiating the mass with respect to time allows the
formulation of the density equation as follows:

= mm - mde - mdr (4)

dp _ 1 (dm _ dV 5)
a v\ia Pa
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Figure 8 Block diagram of the thermal model for the industrial hydraulic system.

Since density is a thermodynamic property of the fluid, it is a function
of both pressure and temperature, i.e., p = f(p,T). By differentiating the
density with respect to pressure and temperature, and then dividing by the
change in time, the following relation is obtained:

@_ 1 @_@ dT‘wg (6)
dt_@ dt  OT|, dt

dp

T

Utilizing the definition of fluid properties, specifically the isothermal bulk
modulus (B7) and the thermal expansion coefficient (), and combining
Equations (4) and (5), while substituting into Equation (6), results in:

B B e — tar — p2 ) + Bra
dt_m in de dr Pdt TP

dTa’u g
dt

(7

The fundamental principle governing thermal variations within a
hydraulic component or system is the first law of thermodynamics, as
applied to a fluid volume undergoing a flow process. This is represented by
Equation (8). For a detailed mathematical analysis, the ordinary differential
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equation governing the energy of the hydraulic oil within a control volume
(cv) of hydraulic component or system is derived as:
. . . . oW 4
Ecv—i—ch:Ef—f—Wf-f-W—g (8)
Given that the enthalpy of a thermodynamic system is defined as the sum
of its internal energy and the product of pressure and volume, the equation is
reformulated in terms of enthalpy as:

. . W 6Q
Hcv:H <, T
A T

The term 6T /4t represents the work done by the hydraulic component’s
shaft when Equation (9) is applied to an individual component. However,
when the equation is applied to the entire hydraulic system, this term signifies
the power loss. The minus sign for 6Q)/dt accounts for the fact that, in
industrial hydraulic systems, heat dissipation is more prevalent than heat
absorption. The rate of enthalpy change over time can be expressed as:

He, = d(;nth> = m%|cv + 0677?’01)

The specific enthalpy of hydraulic oil is a function of temperature and
pressure, h = f(p,T). Therefore, the time derivative of enthalpy can be
expressed as:

(©))

(10)

oh dr, dp
ol = d‘?’g + (1= apTang)v—s (11
The change in enthalpy for the hydraulic component is given by the
difference between the inlet and outlet ports (delivery and drain), as described
by:

Hf = Min hin — Me hde — Mgy hdr (12)

The energy equation, Equation (9), can be reformulated in terms of
the time derivatives of temperature. Assuming that hg. equals the specific
enthalpy of the control volume, and by combining Equations (4), (10), (11),
and (12), and substituting them into Equation (9), the following expression is
obtained:

dTovg 1 ow 5@)

:<min(hm—h)_md7‘(hdr_h)+_

dt mcy ot ot

(apTavg — 1) dp

+ PCp dt

(13)
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Equations (7) and (13) represent the lumped parameter models for the
conservation of mass and energy. It is evident that these two equations are
inherently coupled, meaning that rapid pressure transients will induce cor-
responding rapid temperature transients, and vice versa. For simplification,
the following five symbols are introduced: C', C, and C'5 for the continuity
equation, and F and FE for the energy equation.

_Pr,.

C'1 = — (mzn — Mge — mdr) (14)
m
= (1s)
Cy = Bra, (16)
R W@
b = me <mzn (hzn h) mdy (hdr h) + St St > (17
By = M (18)

pCyp
These two differential Equations (7) and (13) can be decoupled by solving
for each derivative independently, yielding the following results:
AT g _ (Cl + 02%) Ey+ Ey (19)
da 1-C3 Ey
Equation (19) serves as a general formula applicable to both individual
hydraulic components and the entire hydraulic system. It is an explicit differ-
ential equation, providing various options for numerical integration. For the
modelling implementation, however, the Explicit Runge-Kutta method was
utilized.

3.2 Flow Rate Calculations

In this study, we utilize two distinct signals to estimate the flow rate during
the extension and retraction strokes of hydraulic cylinders, mitigating the high
costs associated with permanent flow rate sensors. These signals include the
displacement (position) sensor and the servo valve opening signal (command
signal). Using these sensors and signals, the oil flow rate can be calculated as
follows:

* For position sensors
av. Ads

PR (20)
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* For valve opening signals

av _ { Quull.leak ify=0 o
dt Yy ky \/Fp - Qpilot.leak Zf y>0

During the flow rate calculation, Equations (20) and (21) are applied to
both ports A and B. The flow rate for the extension stroke is determined from
port A, while the flow rate for the retraction stroke is determined from port B.

3.3 Power Loss Calculations

The power losses due to mechanical work entering and leaving the hydraulic
system are described as follows:

oW . .
W =+ Z pr - Z Wacts (22)

Given that both scenarios occur simultaneously, plus and minus signs are
used to represent the work done. In the first case, where work is done on the
system by a hydraulic pump, a positive sign is used. Conversely, in the second
case, where work is performed by the system through a hydraulic motor or
cylinder, a negative sign is applied.

To generalize the formula for calculating the time derivative of mechani-
cal work for both a hydraulic pump and motor, Equation (23) is used, where
K =1 for a pump and K = —1 for a motor. The overall efficiency 7, of
a hydraulic machine is defined as the ratio of output power to input power
and can either be obtained from manufacturer specifications or determined

empirically.
. K\E .
W = (> Hy (23)
Mo
Assuming 1m; = mMgqe + Mgy, We can rewrite Equation (12) to determine
the hydraulic power for both the hydraulic pump and the hydraulic motor as
follows: )
Hy = 1ge (hae — hi) + gy (har — hy) (24)
The change in enthalpy, depending on the definition, is a function of
temperature and pressure, expressed as dh = f(T,dT,dp). By applying
Equation (11) to two ports and ignoring the time derivative, we arrive at the
following expressions for the pump and motor:

Hf = Vdepép(Tde — E) + Vde(l - O‘pT)(pde - pi)
+ VdTpEp(TdT - T+ Vdr(l — Qp T)(pdr — i) (25)
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A similar procedure can be applied to the hydraulic cylinder, but with two
distinct ports. Port A refers to the piston side, while port B corresponds to the
rod side.

Hf=Hy— Hg (26)

Hf = VApcpdTA +(1- apTA)VApA — VchpdTB - (1- apTB)VBpA
(27)

A key assumption is that the transient temperature of the hydraulic oil is
uniform throughout the system, represented by 77,,,4. As a result, temperature
differences across all ports of the hydraulic components — including the inlet,
outlet, piston, and rod — are neglected during the calculation of enthalpies.

Consequently, the change in specific enthalpy becomes a function of the
average transient temperature and the pressure drop, dh = f(Tyug,dp).
Applying this to Equations (25) and (27), and then substituting the results
into Equation (23), leads to the derivation of Equation (28) for calculating
the mechanical power of the hydraulic pump or motor, and Equation (29) for
the mechanical power of the hydraulic cylinder.

K
W= (f) (1 = pTavg) ViaePae — pi) + Var(Par — 1i))) (28)

W= no(PdeTavg(VA - VB) +(1— ap Tavg)|(VAPA - VBPB)D (29)

We use the temperature change (d7,,4) because temperature is an
intrinsic property of the oil. Consequently enthalpy calculations require a
relative temperature change rather than the absolute temperature. To ensure
a positive value for both extending and retracting strokes, the power term
(VAp A — VBp B) is enclosed in absolute value brackets.

3.4 Mathematical Model for Heat Dissipation

In industrial hydraulic systems, the temperature of hydraulic oil is generally
managed through two methods: passive and active heat dissipation. Pas-
sive dissipation occurs via the surfaces of all hydraulic components, while
active dissipation utilizes heat exchangers. Estimating the heat loss from all
component surfaces is difficult due to the variable operating conditions and
numerous external factors related to installation. Additionally, heat dissipa-
tion from component surfaces is relatively small compared to that from the
reservoir and the heat exchanger.
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To simplify the calculation of total heat dissipation, this research focuses
solely on the reservoir (res) and the heat exchanger (HE), specifically a single-
pass counter-flow double-wall plate heat exchanger, as illustrated in Figure 9.

The governing heat dissipation for the industrial hydraulic system appli-
cation of this study is:

6Q _ 5Qres 5QHE (30)

5t ot ot

For the reservoir, we assumed that the interior air, ambient temperature,
and each wall could be treated as lumped parameters. The total heat dissi-
pation capacity of a hydraulic reservoir is comprised of the heat dissipation
through the “oil contact part” and the “air contact part”, see Figure 9, (a).
Therefore, two thermal resistances — Figure 10 —have to be considered during
the analysis.

(a) o Tump

th

N
Y

Air contact part \ Twi
air

CANS—= o =ANAAD

H .Tavg

Oil contact part

rrrrrrrrrrrrrrrrrrrTrag
L

hcv.z

hC‘L’.Z

Figure 10 Schematic of thermal resistance of (a) oil contact part (b) air contact part.
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Equation (31) is to calculate heat transfer to ambient in terms of
temperature and thermal resistance.

3D

) R R
Qres - (Tavg - Tamb) <tl+tQ>

Ri1Ro

The total equivalent thermal resistance between the hydraulic oil and
ambient air through the wall, R; ; as follows:

1 1
1 th Prow 2 Agil o P Aot
Rt.l = h A ) + k A - + .12 oil. w oz:ll/u) (32)
cv.10il.w wtoil.w hchAoilAw + herilAw

While the total equivalent thermal resistance between the hydraulic oil
and ambient air through the interior air, Ry o is:

1 1
1 1 th hoo oA oA
R 9 = + + + cv.20air.w rAair.w
! hcv.3Aoil.air hcv.4Aair.w kwAair.w hcuz‘}‘m‘r.w + hrAii'r.w
33)
The radiative heat transfer coefficient is given by:
he =0 % € X (Tavg” + Tamb”) X (Tavg + Tums) (34)

The contact areas between the oil and inner wall, oil and interior air,
as well as the interior air and inner wall, are calculated using the following
equations:

Aoil.w = 2(L + W)(h’) (35)
Aoil.ai'r =LxW (36)
Agirw = 2L+ W)(H —h) + L+ W 37)

Heat exchangers typically operate with minimal variations in their oper-
ating conditions over extended periods, allowing them to be modelled as
steady-flow devices. The overall energy balance at the inlet ports of the
hydraulic oil and coolant can be analyzed using the effectiveness-NTU
method as follows:

QuE = € QHE max (38)

QHE.max - Cmin(Tavg - Tcz) (39)

Where Cyj;, is the smaller of C}, = 111441Cp.0i and Ce = 1124,Cp.op. How-
ever, it requires knowledge of the heat exchanger effectiveness ¢, which can
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be obtained from the mathematical relations, Equation (40). Alternative way
to determine effectiveness is through experimentation via calculate actual

heat transfer.

ol(1=CINTU in] _

© T d=CNTU ] — C, 40)
Where:
Cmin
r = 41
C Cmaz ( )
UA,
NTU = 42

3.5 Hydraulic Oil Specifications

The majority of currently used hydraulic oils in industrial hydraulic systems
are derived from mineral oil, chosen primarily for their cost-effective per-
formance [13]. Hydraulic oils describe the transfer of energy and signals
through fluids; in this transmission process, power is transferred to drive,
control and move [14]. When selecting mineral oil, it is essential to consider
specific system requirements and operating conditions, including tempera-
ture, pressure, load, speed, and equipment type. The density and viscosity of
hydraulic oil play a pivotal role in pump efficiency, contamination control,
pressure loss, leakage prevention, lubrication, and addressing challenges like
oil cavitation. Additionally, hydraulic oil specifications, including isobaric
thermal expansion and isothermal compressibility, are vital for maintaining
overall system performance efficiency and temperature management [15-17].

In this research we considered the variation of hydraulic oil specifications
p, 1, Br, and «, using the PINN model, Figure 11, created by Al-Issa and
Weber [18]. This innovative model, based on the laws of physics, enhances
our thermal simulation by allowing it to predict four of oil properties in one
correlation model.

However, we made some improvements to the PINN model to meet our
need for HLP 68. The main improvements illustrated in Table 2 have been
done on the model is using a different training data, new activation function
(softmax), Equation (43), increased the predicted data to be 25000 and new
value of Decay rate is 1077.

S(Z), = " (43)

DDy eZi
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Figure 11 The schematic diagram of the current PINN model.

Table 2 Optimum parameters for the PINN models, HLP 68

Setting Parameter Value
No of hidden layer 2
No of neurons per layer 420
No of epoch 500
Learning rate 0.01
Decay rate 1077
Empirical training data 30
Predicted data 25,000
Mini batch 100
Activation Function Softmax
Optimizer ADAM

In the PINN model, we depend on two parameters; average transient
temperature and main pressure of hydraulic oil to determine density, viscos-
ity, thermal expansion and composability. Figure 12 is displayed randomly
chosen examples of plotting corresponding density, viscosity, expansion and
compressibility curves at each temperature point for pressure values of (0,
100, 200, and 300) bar.

The isobar specific heat capacity ¢, ,; for the HLP 68 is given in Equa-
tion (44) [19] while the thermal conductivity k,;; can be calculated according



Rapid Thermal Energy Modeling and Analysis 83

900 : : 600 : -
—6—p = 0 bar
ETC - N A S —&—p = 100 bar
p = 200 bar = 5001
— = w
<7 880 A= #2300 pazf] B
& ' 400
5 | g
M BTO - oo TGO B s — - s e m s oo o] =
' >300
> ! &
BBE0 o PageereNe ] bl
a ! o
; 200
o
5850 RS o
a ¥ o
840 ,””””,v””””,,.,,””H”,,j ,,,,, 100 -
830 . 0
2010,4 40 60 80 100 2
7.2~ .
LR g,
: ~
-
“ =
s 7 o
a B
o o
8 —
d6.9 2
& a
% 7
L] '3
6.8 w
E 2
=)
y g
267 3
a 3]
6.6 H H A
20 40 60 80 100

Tempreture [C] Tempreture [C]

Figure 12 Specifications of hydraulic oil HLP 68 using PINN model.

to Equation (45) [19]:

Cpoil = A+ X2 (Thug) (44)
With
A1 = 915.8 J/kg.K
\o = 3.8 J/kg K
koit = A3 — A4 (Tang — 298.15) (45)
With

A3 = 0.15 W/m.K
M =1.4x10"11/m.K?

4 Initial Temperature Selection

Two distinct thermal conditions must be considered: overheating and healthy.
The healthy condition ranges from the actual operating temperature, Tg¢, up
to the maximum permissible temperature, 7). In contrast, the overheating
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Figure 13 Thermal behavior of hydraulic oil in an industrial hydraulic system.

condition occurs when temperatures exceed T).,. Typically, when hydraulic
systems are initiated, the thermal behavior of the hydraulic oil starts in a
transient state (TS) within the healthy condition, which may transition to a
steady state (SS) or remain in the transient state, depending on the operating
conditions. Achieving precise thermal equilibrium — where heat dissipation
equals energy losses — is difficult for many hydraulic systems. As a result, the
internal energy of the system often increases as long as the heat dissipation
from the reservoir remains insufficient.

To mitigate this, cooling units are used. These units activate (On) when
the hydraulic oil reaches predefined temperature thresholds and deactivate
(Oft) once the oil cools to specific levels. This causes temperature fluctuations
in the hydraulic oil, referred to as Fluctuating Steady State (FSS). Therefore,
our thermal modeling approach can begin from one of two possible paths, as
illustrated in Figure 13 and detailed below:

1 - Direct Thermal Modeling

In cases where no external cooling unit is used and heat dissipation depends
solely on the reservoir, designers focus on testing the reservoir’s capability to
keep the oil within its designated temperature range and prevent overheating.
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Direct Thermal Modeling provides a quick and efficient method for
assessing the thermal condition of the hydraulic system by comparing it to
the maximum permissible temperature of the hydraulic oil. This approach
begins by setting the initial temperature of the hydraulic oil, as follows:

T(wg ’t:() = Tper

If the internal energy of the hydraulic system continues to rise at this
temperature, it indicates an overheating condition, necessitating the design of
a cooling unit. Otherwise, the system should eventually stabilize at a Steady
State (SS), signifying efficient operation without the need for a cooling unit.

2 — Standard Thermal Modeling

Whether or not a cooling unit is present, it is advisable to use a Stan-
dard Thermal Modelling approach to estimate the thermal behavior of the
hydraulic oil. This method is effective for predicting the oil temperature after
a specific duration or calculating the time required for the oil to reach a certain
temperature.

In this approach, the initial value of 71y,  is assumed to be the actual
hydraulic oil temperature in the reservoir, from which the modelling begins,
as shown below:

Tavg |t:0 — Tact

5 Results and Discussion

All input data relies solely on three measurements: displacement sensors,
pressure, and valve opening signals. The duty cycle of p,dx and y is used
for all cylinders and servo valves. Temperature measurements are utilized
exclusively for validation purposes. Figure 14 provides a visual guide to
the step-by-step implementation process of the governing equation, Equa-
tion (19), starting from the experimental data until the output results; flow
rate, mechanical power, heat dissipation, oil temperature, oil specifications
and normalized error.

From the displacement sensor readings and the servo valve opening
signals, we calculated the flow rates for the 4 hydraulic cylinders units. The
main flow rate from the pumps was measured over a specific time period
to verify and compare with the calculated flow rate as is depicted in the
Figure 15. It is evident from the measurement data that there are anomalous
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Figure 14 Simplified scheme of the implementation process.

peaks that do not correspond to the predicted values. These deviations are
likely a result of the fast dynamic cylinder movements.

In this system, the primary focus is on the energy consumption of the
hydraulic cylinders (HGC, positive bending, negative bending and balanc-
ing), as all mechanical work is derived from them; thus, the accumulator unit
was not analyzed. Using experimental duty cycle data obtained from pressure
measurements and calculated flow rates, the mechanical power produced by
all cylinders (HGC, positive bending, negative bending and balancing) within
the hydraulic system was computed according to Equation (29). Figure 16
presents an example of the hydraulic power distribution for each unit.

For determining heat dissipation, as shown in Figure 17, the heat dissi-
pated from the reservoir fluctuates over time, ranging from about 0.6 kW
to 1.1 kW. Regarding the cooling unit, the oil flow rate circulating through
it is 150.7 I/min, while the water flow rate is 265 [/min. As a result, the
minimum heat capacity rate, C,;y,, corresponds to the oil and is calculated
to be 5 Wm?/kg.K, which is then applied in Equation (39). Consequently,
Equation (38) is also applied, leading to the conclusion that the cooling unit
accounts for approximately 98% of the total heat dissipation.

The normal operating oil temperature is influenced by ambient tempera-
ture, system pressure, and other factors. For axial variable piston pump units,
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Figure 16 Hydraulic power of all hydraulic cylinder units.

depending on their construction and operating conditions, the valid viscosity
range for continuous operation is between 400 mm?/s and 10 mm?/s and
for optimal operation is between 16 mm?/s and 36 mm?/s [20]. There-
fore, for hydraulic oil type HLP 68, the corresponding temperature range at
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Figure 17 Heat dissipation.

maximum pressure in the system (/290 bar) is from +11°C to +95°C for
continuous operation and from +54°C to +78°C for optimal operation.

However, the average transient temperature of mineral-based hydraulic
oils should not exceed 50—60°C in stationary hydraulic systems and
80—90°C in mobile hydraulic systems [14].

When implementing the direct thermal modelling approach to assess the
need for a cooling unit, an initial temperature of 60°C should be used. As
shown in Figure 18, the heat dissipation from the hydraulic reservoir is
insufficient, as indicated by the continuous rise in average temperature after
60 seconds.

Thus, the standard thermal modelling method can now be applied. While
the average transient temperature of the oil (which represents the internal
energy of the entire hydraulic system) is a more comprehensive metric,
it is not feasible to measure directly. The average transient temperature
is influenced by localized heat generation, fluid motion, and heat transfer
dynamics, which vary throughout the system’s components. Installing sensors
throughout the entire hydraulic circuit to measure these variations would be
impractical.

For validation purposes, we chose to compare the simulated average
transient temperature with the oil temperature in the reservoir, where 85%
of the oil volume is contained and relatively well-mixed with the return
flow. The temperature sensor, Sensor 9, installed in the bottom of the
reservoir, was selected as a practical and suitable location for temperature
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measurement. Initial temperature for starting the modelling is got from the
measurement which is 42.66°C. Figure 19 presents the comparison between
the measured and simulated temperatures, demonstrating a close match, with

a final temperature difference of approximately 0.62°C.
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Figure 21 Normalized error of the thermal modeling.

The specifications of hydraulic oil during normal operation were modeled
using the PINN model, as shown in Figure 20. The specifications fluctuate
between two values due to changes in oil temperature, while the observed
peaks are attributed to abrupt changes in pressure. The normalized error
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Table 3 Time-step cases for thermal modelling

Case  Time-step [s] Elapsed Time [s] Time Ratio  Average Error [%]
1 1x1073 180.2 0.05
2 1x 1074 2398.4 0.66

1.92

Table 4 Required parameters for current thermal modeling

Parameter Value Unit Parameter Value Unit
Cpow 4180 [12] J/kg.K L 2.068 m
heva 500 [21] W/m? K w 1.168 m
hev.2 8.5 [22] W/m?. K H 1.055 m
hew.s 7 [21] W/m?* K h 0.8 - 0.84" m
hev.a 7 [21] W/m? K Qnull.lcak 5.4123] l/min
hy 0.69 — 0.742 W/m?.K Qnull.pilot 2.6 [23] l/min
Ewalt 15 [12] W/m.K Puw 998 kg/m®
ky 10.75 23] 1/ (min.v/bar) € 0.35 — 0.43* -

€ 0.35 [24] -

"Measured based on oil level sensor.
2Calculated using experimental measurements.

of the proposed thermal modeling and analysis method is calculated using
Equation (46), by comparing the experimentally measured hydraulic oil
temperatures with the simulated values. Refer to Figure 21 for details.

B \/27]:[:1 |TCLU9 - Tm‘Q
N 2
Zn:l ‘Tm’

Finally, the simulation was run in MATLAB Simulink for two time-steps:
103 s and 1074 s, using the ODE45 solver on a PC with an Intel Core i5
processor and 32 GB of RAM. Table 3 shows the elapsed time, time ratios
between simulated and real time, and the average normalized error. The time
ratios confirm that the proposed approach managed to speed up the modeling
process to below real-time. The parameter values used in the modeling are
found in Table 4.

E, (46)

6 Conclusion

This study presents a comprehensive thermal approach designed for industrial
hydraulic system applications, employing new parameter average transient
temperature of the hydraulic oil for modelling and analysis. This approach
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was developed, demonstrated, and experimentally validated. Results indi-
cated that ignoring oil temperature differences at hydraulic component ports
when calculating enthalpies does not significantly affect the main trend of the
oil’s transient temperature within the hydraulic system. Notably, this reduces
the need for temperature parameters during modeling, which in turn decreases
modeling time less than experimental periods.

PINN model helps the thermal model to predict four thermophysical
properties just in one correlation model. Future endeavors for researchers
interested in this field of neural networks could entail exploring the addi-
tional oil properties such as enthalpy, isobaric specific heat capacity, thermal
conductivity, and so on.

The maximum normalized error presented is 6 % and does not indicate
any deficiencies in the methodology but arises from two factors. First, accu-
rately estimating power loss and heat dissipation is inherently challenging due
to their intricate dependence on the operational conditions of the hydraulic
pumps and cylinders, as well as various external variables associated with
installation conditions. Second, the oil temperature sensor used for validation
does not necessarily represent the exact average transient temperature of oil
in the hydraulic system, as it is the scope of our thermal model. Therefore,
upon more precise calculations for power loss and heat dissipation, the error
is expected to diminish accordingly.

Nomenclature

A Area m?

p Specific heat capacity J/kg. K
Ch Parameters of continuity equation m?/N.s
Cy Parameters of continuity equation 1/N.m
Cs Parameters of continuity equation m?/N.K
E Total energy J

E, Normalized error %

Ey Parameters of energy equation K/s

Ey Parameters of energy equation J/m3K
H, h Heat and specific enthalpy respectively J

H, h  Height of reservoir and oil respectively m

hew1  Convective heat transfer coefficient of oil W/m?K
hev2  Convective heat transfer coefficient of ambient W/m?K

heys  Convective heat transfer coefficient of oil surface  W/m?K
heva  Convective heat transfer coefficient of interior air W/ m?K
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hy Radiative heat transfer coefficient W/m?K
K Constant —

ky Flow rate coefficient l/(min.v/bar)
k Thermal conductivity W/m K
L Length of the reservoir m

m Mass kg

n Counting variable or index —

N final index —

p Pressure N/m?
Q Heat transfer J

R, Thermal resistance K/W

S Displacement m
Stherm  Thermal share -

t Time s

T Temperature K

th thickness m

1% Volume m3

v specific volume m3/kg
w Work J

W Width of the reservoir m

Y Servo valve opening %

? Input vector of PINN —

Br Bulk modulus m?/N
ap Thermal expansion coefficient 1/K
€,€ Effectiveness, Emissivity of stainless steel —

P Density kg/m3
U kinematic viscosity mm?/s
0 Softmax function —

e Standard exponential function for input vector ~ —

ei Standard exponential function for output vector —
Subscripts

A Chamber of piston side % Inlet

B Chamber of rod side l Local

Air  Air m Measured

acts  Actuators max Maximum

amb ambient min  minimum

avg  Average 0 outlet
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c Component oil  Hydraulic oil

co coolant per  permissible

cv Control volume pp  Pumps

de Delivery res Reservoir

dr drain S simulated

f Flow sys Hydraulic system

HE Heat exchanger w Wall

Superscripts

Time derivative
—  Mean value
—  Vector

Abbreviations

DCV  Directional control valve

DS Drive side

HGC Hydraulic Gap Control

(O} Operator side

PINN  Physics informed neural network
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